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[57) ABSTRACT

An acoustic scanning method and apparatus imple-
mented by transmitting ultrasonic pressure waves and
receiving return echoes on a set of spatially non-over-
lapping acoustic lines scanned along a transducer array
with the active acoustic lines shifted and steered so that
each acoustic line originates at an arbitrary point on and
at an arbitrary angle to the face of the array. In a pre-
ferred embodiment, an extension of each acoustic line
may also pass through a substantially common vertex
that 1s not on the face of the transducer array, but pref-
erably behind it a selectable distance to provide an
extended field of view. The extended field-of-view is
defined by the selectively variable location of the com-
mon vertex of the acoustic lines and the physical ends of
the array, may use the entire transducer array in the
near-field, has high quality resolution in both near and
far fields, and may simultaneously transmit and receive
two or more ultrasound beams from the same trans-
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' VARIABLE ORIGIN-VARIABLE ANGLE
ACOUSTIC SCANNING METHOD AND
APPARATUS

This application is a continuation-in-part of applica-
tion Ser. No. 478,573 filed Feb. 12, 1990.

BACKGROUND OF THE INVENTION

This invention relates to ultrasound diagnostic scan- 10
ning where ultrasonic energy illuminates internal or-
-~ gans of the human body in real time and echoes re-
~ ceived from the soft organ tissues or from moving scat-
terers are transduced into electrical signals and then
processed to form two-dimensional cross-sectional im- 15
ages that are displayed upon a TV monitor or like dis-
play device.

Ultrasound medical systems known as phased arrays
have been used for some time and have been described,
for example, in U.S. Pat. Nos. 4,140,022 and 4,550,607. 20
Two basic scan and display formats have generally been
‘used in combination with planar linear transducer ar-
rays, that 1s arrays in which the face of individual trans-
ducer elements are positioned in a plane parallel to each
other and generally have uniform element spacing. 25

Two-dimensional images have been formed by linear
scanning where ultrasonic beams on parallel acoustic
‘lines normal to or at an angle to the face of a transducer
- array are propagated by single transducer elements or
by selected groups of transducer elements shifted across 30
the array. Linear scanning with parallel lines has the
field of view determined by the physical aperture of the
transducer array 1 such as width W in FIG. 1. For such
a format, the width of the field of view 5 (FOV) is equal
~ to the transducer width W for all scan depths D. Thus, 35
the field of view in the linear scanning format is defined
completely by the physical characteristics of the array
and 1s limited by the physical edge of the array. A large
field of view requires a large physical aperture of active
transducer elements which may create problems of 40
access and good skin contact.

The other scan and display format which is typlcally
used for planar linear transducer arrays is a sector. In a
sector format, the elements are spaced much closer
together, typically at half-wavelength or so intervals. 45
This permits the acoustic scan lines to be steered with-
out generating grating lobes and allows both the size of
the transducer array to be decreased and the field of
view to be increased. For examlale as shown in FIG. 2,
for a 90° sector, the field of view 2 at a scan depth D is 50
given by FOV =2D. Typical scan depths range from 6
cm to 24 cm and are user selectable. Sector phased
arrays form acoustic scan lines effectively all originat-
ing from the center of the face of the transducer array.
The allowable scan angle is a function of the spacing of 55
the individual transducer elements relative to Operatmg
frequency. As a consequence, the field of view is also
largely defined by the physical characteristics of the
array and the field of view vamshes to zero at the face
of the array, itself 60

A “trapezoidal” scanning and display format has been
described in U.S. Pat. No. 4,664,122, which is specific to
a particular planar linear array construction. It consists
of three sub-arrays, including a central sub-array with
substantially larger element spacing, and two end sub- 65
arrays with substantially smaller element spacing. There
1s a fixed relationship between the element spacing of
the central sub-array compared to the end sub-array

2

such as a factor of 2. Acoustic scan lines emanating
from the central sub-array and from portions of the two
end sub-arrays are parallel to each other, are perpendic-
ular to the transducer face, and are consistent with a
linear scan format. Acoustic scan lines emanating from
a single point on the face of each end sub-array com-
prise a left-half and right-half sector. The described end
sub-arrays have smaller element spacing, approximately
one-half of the transducer wavelength, in order-to per-
mit steering the acoustic beams out to angles of approxi-
mately 45° with acceptable performance.

Since most transducers which are designed for medi-
cal ultrasound imaging systems have uniform element

- spacing, this “trapezoidal” scanning technigue is not

advantageous because 1t does require special transduc-
ers with non-uniform element spacing. Transducers
which are specifically designed for this format are typi-
cally larger than those designed for “sector” scanning.
The trapezoidal scan format is described as a compro-
mise between linear and sector scanning, having the
advantage of steering, but with the disadvantage of
increased transducer size. This size disadvantage is in-
herent because the increase in the field of view of the
displayed 1mage compared to a sector image is in-
creased only to the extent that the transducer is in-
creased in size over that for a corresponding sector
transducer. The scan format also is specifically linked to
the transducer array construction in contrast to the
invention disclosed herein where the scan format is
alterable under software control in order to optimize it
for different imaging applications using the same trans-
ducer geometry.

The physical characteristics of curvilinear arrays also
define a field of view which is limited by acoustic lines
normal to the face of the array at the end transducer
elements. The field of view can be increased by a
smaller radius of curvature. However, resolution is
impaired and thereby degraded as compared to a less
curved array. Also, a large field of view in the nearfield
requires a large aperture of active transducer elements.

- A large field of view in the far-field requires some com-

bination of a large aperture and/or a smaller radius of
curvature with the attendant loss of resolution.

All the foregoing formats, as well as mechanical and
waterpath scanning, have the field of view defined com-
pletely by the physical characteristics of the array. In
none of these prior art scanning formats is the field of

view expanded by situation-dependent software con-
trol.

SUMMARY OF THE INVENTION

The acoustic scanning method of this invention in-
volves the propagation of acoustic pressure waves and
the reception of returned echoes on a set of acoustic
scan lines which are formed by software control, each
independent from one another, each originating at an
arbitrary point on the face of the transducer array and at
an arbitrary angle to the face of the array which may
have virtually any configuration. In a preferred embodi-
ment, each scan line may also be part of a ray which
passes through a substantially common variably located
vertex that 1s typically not on the face of the transducer
array, but preferably a selectable distance behind it to
provide an extended field of view. In the embodiments
described in detail, for convenience called variable ver-
tex scanning, the transducer arrays are planar linear or
curvilinear arrays. If the latter, the common vertex is
behind the curvilinear face of the array a distance typi-
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cally less than the radius of curvature of the array. The
acoustic lines thus can be steered beyond both ends of
the array 1tself, to extend the field of view at all depths
with substantially comparable resolution.

The described embodiments improve the field of
view without increasing the size of the transducer ar-
ray. As 1s the case with sector scanning, each acoustic
scan line 1s steered, so that no two scan lines are parallel
to each other. As is also the case with sector scanning,
each scan line, when projected or extended, has a com-
mon vertex, but unlike sector scanning, this common
vertex need not lie on or near a line connecting the
individual transducer elements or face of the transducer
array. The common vertex can be anywhere and need
not be on a centerline normal to the array.

For applications in which ultrasound information is
collected for B-mode imaging and either Doppler or
color flow imaging that is effectively simultaneous, the
variable vertex format can be utilized in combination
with a conventional format to substantial benefit. An
example 1s the use of the variable vertex format for
B-mode imaging in combination with a steered linear
format for color flow imaging. The enhanced near field
or the variable vertex format permits the use of small
foot print transducers for near field applications, while
the steered linear format is highly effective for color
flow imaging of the near-in blood vessels that often run
paralle] to the skin line. In particular, the artifactual
changes in color that would ordinarily occur as a result
of the changing angle of interrogation are eliminated.

The variable common vertex location may optimize
the field of view for a particular transducer geometry.
The only constraint is that the steering angle with re-
spect to a normal to a line connecting the transducer
elements may not be greater than the greatest permitted
for a sector scan line for the same transducer geometry.
This criterion is determined by an acceptable grating
lobe amplitude. A conservative criterion which effec-
tively suppresses grating lobes limits the steering angle
8, as follows:

16p| = sin—! (-} -1 ), d = mw/2

where A 1s the transducer center-frequency wavelength
and d 1s the element spacing This criterion keeps the
center of any grating lobe at an angle of at least —90°
with respect to the previously mentioned normal.
Greater steering angles can be used where the array
elements have sufficient directivity. A gradual lowering
of the center-frequency, increasing the wavelength, as
the array is steered away from normal suppresses grat-
ing lobes so as to permit greater steering angles, too.
‘The scanning method of this invention is general and
accommodates many array physical geometries. Scan-
ning a planar, curved or general curvilinear array of
transducer elements is enabled simply by forming inde-
pendent acoustic scan lines at arbitrary points of origin
on the face of the array steered to an arbitrary angle
with respect to a normal to the array at the scan line
origin. The acoustic lines preferably are selected to be
spatially non-overlapping in the entire field of view to
accommodate operation with multiple simultaneous
acoustic beams for improved frame rate or simultaneous
Doppler and image scanning. Shifting and steering of
each active acoustic line is software-programmable to
optimize the field of view for variations in transducer
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operating frequency or to respond dynamically to situa-
tion-dependent phenomena such as presence of obstruc-
tions in the field of view (ribs, for example).

The substantially common vertex of the preferred
embodiment 1s a special case of this invention. More
generally, this invention describes a method of scanning
a planar, curved or general curvilinear array of trans-
ducers 1n which substantially each scan line originates
from an arbitrary but different location on the trans-
ducer array and substantially each scan line might be
steered to a different angle with respect to the normal to
the array at the point of origin of the scan line.

BRIEF DESCRIPTION OF THE DRAWINGS

FI1G. 1 1s a view of the image plane for a linear scan-
ning format with scan lines normal to the face of a
planar linear transducer array with a variable vertex
format superimposed upon it;

FIG. 2 is the image plane of a sector scanning format
with the variable vertex format superimposed upon it;

FIG. 3 illustrates the image plane formed by a curvi-
linear transducer array with a variable vertex format
superimposed upon it;

FIG. 4 illustrates the image plane of a variable vertex
format illustrating its extended field of view at depth:;

FIG. 5 illustrates a variable vertex format with a
variety of locations for a common vertex;

FIG. 6 illustrates a variable vertex format for a curvi-
linear transducer array with a common vertex at a ra-
dius greater than the radius of curvature;

F1G. 7 illustrates a variable vertex format for a curvi-
linear transducer array with five different placements of
a common vertex;

FIG. 8 illustrates the image plane of a variable vertex
format showing a typical acoustic scan line in its ex-
tended field of view from a common vertex behind the
face of the transducer array:

FIG. 9 1s a schematic diagram from which delay
equations are developed for the usual sector scan for-
mat;

FIG. 10 is a schematic diagram from which delay
transformation equations are developed for any arbi-
trary transducer element in a variable vertex format;

FIG. 11 illustrates a typical apodization function for
an acoustic scan line;

FI1G. 12 schematically illustrates the selection and
shifting of the delay data used for propagating the
acoustic scan lines;

FIG. 13 schematically illustrates a variable vertex
scan and requisite data necessary for transmit;

FIG. 14 illustrates a variable vertex scan and data
necessary for receive with dynamic apodization and
focussing; |

FIG. 15 illustrates end-aligned beamforming for a
variable vertex format;

FI1G. 16 illustrates variable vertex 2-D scanning in
combination with sector continuous wave Doppler scan
lines:;

F1G. 17 illustrates variable vertex 2-D scanning in
combination with nearly parallel color Doppler lines;

FIG. 18 illustrates the scanning plane for a linear
scanning format for simultaneous propagation and re-
ceipt of echoes from two ultrasound beams:;

FIG. 19 illustrates the scanning plane for a planar
sector scanning format for simultaneous propagation
and receipt of echoes from two ultrasound beams;
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FI1G. 20 illustrates the scanning plane for a variable

vertex scanning format for simultaneous propagation
and receipt of echoes from two ultrasound beams:

FIG. 21 schematically illustrates a scanning plane

where the ultrasound scan lines do not have a common

- vertex;

FIG 22 schematlcally illustrates application of the
invention to an arbitrarily shaped transducer array; and
FIG. 23 schematically illustrates the invention ap-

plied to a multiplexed planar linear transducer array.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

FIG. 1 illustrates the image plane of a rectangular
linear scanning format from the planar linear transducer
array 1. The scanned field of view 5 can be substantially
expanded to a variable vertex format 3 of the invention

10

15

by scanning a set of acoustic lines extending through a

common vertex 4 behind the face of the transducer
array.

FIG. 2 illustrates the i image plane for a sector scan-
ning format produced by transducer array 1. The typi-
cal sector field of view 2 can be expanded to the illus-
trated variable vertex format 3 by scanning acoustic

20

lines derived from a common vertex 4 behind the face of 25

the transducer array 1. The variable vertex format uti-
lizes the entire array of transducer elements in the near-
field and substantially expands the entire field of view
without significant loss of resolution anywhere within
the typical sector field of view 2.

FIG. 3 1llustrates a curvilinear transducer array 6 and
the field of view 7 obtained by multiple acoustic lines
propagated normal to the face of the transducer array.
Extensions of these normal acoustic lines pass through a
common center of curvature 8. The field of view for the
curvilinear transducer array can be expanded into the
- variable vertex format 3 by a set of acoustic lines propa-
gated at varying angles to the face of the curvilinear
array, extensions of which all pass through common
vertex 4, where that common vertex is preferably be-
tween the center of curvature 8 and the face of the
array. | |

For a curvilinear array, each acoustic scan line 11
originates from a different arbitrary point 13 on the face
of the curvilinear array. These points of origin can be
described by the angle ¢, the center of curvature 8 and
- the centerline of the transducer array 14. Alternately, in
the variable vertex format each origin 13 for the ultra-
sound lines can be described by the angle 6, the com-
mon variable vertex 4 and the centerline 14 connecting
‘vanable vertex 4 to the center of curvature 8 of the
array. As shown in FIG. 3, each acoustic line for the
variable vertex format is steered at the angle a with

respect to the normal to the face.of the curvilinear -

array. In FIG. 3 the center of curvature 8 is on the
centerline 14 of the transducer array and the angle a
~ equals the angle @ less the angle ¢. The delay equations
for focused scanmng with a curvilinear transducer array
can be derived using these angular relationships and the

30
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than that used for the linear scan format, typically by a
factor of 3 or more. As is also well-known, a major
disadvantage of the sector scan format is the extremely
limited field of view at shallow scan depths, such as 1
cm. or less. One major improvement from the preferred
embodiment of this invention is that a variable vertex
scan format permits increased field of view at all scan
depths, including shallow scan depths, by an amount up
to and including the physical array width when com-
pared to sector scanning as shown in FIG. 4 without
substantial loss in resolution within the sector field of
view 2 when compared to sector scanning.

The varniable vertex scan and corresponding display
format generally applies to linear or curvilinear arrays
and 1s a generalization of the sector scan, except that the
vertex may occur at a variable point as shown in FIG.
5 for several different placements of variable vertex
4a-4g. As the vanable vertex approaches infinity 4/ or
4g the format approaches a linear scanning format. As
the varnable vertex approaches the face of the trans-
ducer at 4b, the format approaches a sector format. The
variable vertex may be in front of the transducer array
as at 4a and at a location not on a normal line 14 through
the center of the array as at 4g.

Similarly, for curvilinear transducer arrays 6 the vari-
able vertex 4 may be located at a radius behind the array
that is greater than the radius of curvature 8 as shown in
FIG. 6. So, too, can the variable vertex be placed at any
location behind the array such as at 4a-4d shown in
FIG. 7.

A principal objective of the described preferred em-
bodiment of this invention is to define a scan and display
format for an imaging system for which a common
vertex 4 of all acoustic scan lines can be selectively
positioned at any point within the scan plane. As illus-
trated for a planar array in FIG. 8, the variable vertex 4
is on a line normal to a line connecting all transducer
elements of the physical aperture or face 12 of the array
at a distance y behind the face of the array. However,
the variable vertex need not lie on this line and may be
placed in front of the physical aperture as well as behind
it. The image format which results from the location
shown in FIG. 8 benefits from an increased field of view
at all depths and in particular near the physical aperture.

The format applies equally well to spectral Doppler
and color flow Doppler scanning as well as to B-mode
imaging. In particular, certain mixed modes enhance the
utility of variable vertex scan and display format. Exam-
ples include: a variable vertex scan format in 2-D in
combination with substantially parallel color flow scan
lines, shown in FIG. 17 from a remote vertex 4': multi-
ple pulsed Doppler scan lines with variable vertices that

~ are distinct from each other in combination with a 2-D

35

location of the common vertex 4 relative to the radius of 60

curvature 8 in a manner similar to the following transla-
tion of the planar linear array equation as at (6).

As 1s well known, the typical sector scan format has

two major advantages when compared to the linear
format. Namely, the sector has substantially increased
field of view at the deeper scan depths, such as 10 cm.
‘or greater when compared to the linear format, and the
transducer used for sector scanning 1s physically smaller

65

image; or a continuous wave Doppler scan with lines 65
emanating from a variable vertex 4’ positioned at the
center of the transducer, in combination with a 2-D scan
format where the variable vertex 4 has been placed
behind the transducer face as shown in FIG. 16.

The scanning method of this invention applied to a
multiplexed system is illustrated schematically in FIG.
23. There multiplexed sub-sets of m elements, such as
97, from the larger array 1 of n transducer elements are
activated. The sub-sets 97 of active elements are se-
lected by a multiplexer 95 from the larger group, n, and
a system having m independent channels as at 96 con-
trols beam propagation and processes the receive infor-
mation. The multiplexer 95 may select sub-sets of m
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adjacent transducer elements or other groupings such as
every other one of the n elements, for example.
Included in the described embodiment of this inven-
tion 1s the method and means to select an origin 13, as
shown in FIG. 8, and focal point 15 for a particular
ultrasound beam such that the acoustic scan line 11
appears to emanate from the common vertex 4. The
actual origin of an ultrasound beam for the planar array
of FIG. 8 occurs on a line connecting the individual

transducer elements at the point corresponding approxi-
mately to the center of mass of its apodization function.

Equation (1) is used to manage the apodization function
such that its center of mass is equivalent to or nearly
equivalent to the intended origin 13 of the acoustic scan
line 11. The origin 13 of the beam therefore can be
controlled by smoothly shifting this center of mass. The
shift required to place the beam origin 13 at or near the
intersection 13 of a line connecting all elements of the
transducer on the face 12 of the array with an acoustic
scan line 11 which connects the variable vertex 4 to the
focal point, as at 15, depends upon the spatial position of
the vanable vertex and the steering angle 6.

By way of example, in FIG. 11 an ultrasound beam
from the planar array of FIG. 8 originates from approxi-
mately the center of mass, X, of its apodization func-
tion. The apodization function A(Xy), may be described
as the weighing given to the signal transmitted from, or
received from, an element at position X. The center of
mass for the apodization function is

L AL (1
5 X -AX)-8(X — X1) - dX

k=0J g

L 4L
2 j AX) - 8(X —~ Xg)-dX
k=0J ¢

where 6(x) is the Dirac delta function and has the prop-
erty that

f RX) - (X — Xp) - dX = fXa)

.

Controlling the ultrasound beam origin is achieved by
assigning the apodization values to each element of the
physical transducer array in such a way that the center
of mass X, corresponds to the acoustic scan line origin
13. There is no requirement that X.,, corresponds to an
element position. In principle, the center of mass is
computed for each acoustic scan line 11 and a unique
apodization profile is generated for each scan line. In
actual practice, only a limited set of profiles are re-
quired by taking the shift invariance property of the
apodization profile into account. This means that, for
example, one can cause the center-of mass to shift by
exactly one element spacing by simply shifting the as-
signment of each apodization value from the k% element
to the (k +1)" element. This operation is easy to ac-
complish by means of control logic in combination with
a microprocessor during the quiescent period between
successive acoustic scan lines. Another unique set of

apodization profiles is required to shift the center of

mass by a fraction of an element spacing. Typically the
position of the center of mass (and therefore the ultra-
sound beam origin) is controlled to within about one-
quarter of a wavelength for foci close to the transducer
array. For a typical sector-type transducer with half-
wavelength spacing, this requirement corresponds to
two unique families of apodization profiles. All other
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combinations required for each unique acoustic scan
line are obtained by simple shift operations applied to
one of these sets.

For a sector scan format as shown in FIG. 9, the time
delay which must be added to the n element, in order to
have a focal point at range R, as at 15, along acoustic
scan line 11 from the center of the transducer array and
at an angle 8 with respect to a reference line 14 is given
as:

(2)

-

TH(RF XH! 6) = CO

{R — [R? + Xp? — 2RXpsin0]t} + T,

where:

Tr32 the delay required at element position X, to
achieve a focus at range R and steering angle 6.

R =the range from the sector vertex or origin 13 to
the focal point.

Xn=the position of the n’* element relative to the
sector vertex or origin 13.

0 =the steering angle with respect to a reference line
as shown in FIG. 9.

Tor—=a vanable offset added to each delay in order to
assure that the delay assigned to each element is
positive. (Negative delay cannot be achieved.)

Co=the velocity of propagation in the body (typi-
cally 1.54 mm/usec).

This equation is well-known for sector imaging and is
discussed, for example, in U.S. Pat. No. 4,140,022.

The time delay which must be added to the n? ele-
ment in order to have a focal point at a range R'g from
the vanable vertex 4 and at angle 6 with respect to the
reference line 14 as shown in FIG. 10 for the variable
vertex scan format is given by:

(v

(3)

o
Hp—

T'n(R'g, X'n, 0, y)

50 where

55

60

65

R’74 =the distance along a ray which is at an angle
with respect to the reference line 14 (see FIG. 10)
between the variable vertex and the focal point.

y=the offset along a normal to the physical array to
the variable vertex.

6 =the steering angle with respect to the reference
line as shown in FIG. 10.

T ofr=an arbitrary variable offset added to each delay
in order to assure that the delay added to each
element is positive.

If one considers the substitutions

R'e =R + —L-cose (4)

Xo = ytan6 (5)

then equation (3) becomes
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TR, Xn — Xp. 0) = (6)

— (R -

Co [R?' <+ (X'n - XB)Z —

2R(X ), — Xg)sinb}}} + Topr .

which has the same form as equation (2). Equation (6)
shows how to compute the delay T', appropriate for an
‘element X', which achieves focus 15 along acoustic
scan line 11 at a distance R'74 from the variable vertex
4 at an angle 6 from the reference line 14. The collection
of individual ultrasound lines used in a variable vertex
scan format is calculated using equation (6) with each
acoustic scan line having unique values for R,X74, and
8. The values R, X74 and € may be arbitrarily defined
for each acoustic scan line.

Equation (6) discloses how to compute the delays for
a planar array with a single fixed focal point along a ray
at an angle @ with respect to a reference line. One such
- set of delays (one value per element position) is uniquely
required for each acoustic scan line. In the more general
case for this invention, each scan line originates at an
arbitrary point on and at an arbitrary angle to the face of
the array without a common vertex. Each individual
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scan line 11,11’ originates at an arbitrary intersection or 25

point such as 13,13’ in FIG. 21 at the face of the trans-
ducer array 1 and 1s steered at an arbitrary angle 6,0’
with respect to a normal to the array at its origin 13,13,
respectively. As shown in FIG. 21, an extension of each
of a symmetrical pair of scan lines may pass through a
common vertex such as 4,4" for lines 11,11, respec-
tively, along a normal line to the array. Thus, the loci of
the variable vertex 4,4’ for symmetrical pairs of lines
may lie along that normal line rather than being a single
common vertex as shown, for example, in FIG. 8. The
scan lines also may have no common vertex at all.

Similarly, the transducer array may be any general-
ized shape, such as at 90 in FIG. 22. Again, each scan
line 11,11’ originates at an arbitrary point 13,13’ on the
face of the array and at an angle 0,0 with respect to a
normal to the face of the array. As shown in FIG. 22,
13,13’ 1s the vector position of the origin of the ultra-
sound lines and 91,91’ is the vector position of a focal
point along each line at the same or a different range
from the transducer face. The apodization function for
each line centers more or less about the arbitrary origin
13,13 at the face of the array. Time delays are calcu-
lated from the vector position of the n* element X, the
vector position of the ultrasound line origin 13 (Og) and
the vector position of the focal point for the k# ultra-
sound line Fx. The equation below, in vector notation, is
comparable to equation (6) for a fully arbitrary array
and scan format
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T(fm Fk) == —C-O_ '“5&' ~ Fkl ~ Ifn - Fkl} + Topr

For the preferred embodiment which is described,
means to achieve dynamic focusing may be obtained by ¢
simply generalizing equation (6) to include a family of
focal ranges, such as [r,, r; - - - ril, rather than a fixed
focal range, R. This constitutes a significantly large data
set. That 1s, the amount of delay data required to

achieve a fixed focus is given by 65

5

10

-continued
= N - M delay values

In the case of mirror symmetry of the scan lines about
a reference scan line, M is replaced by M/2 scan lines.

For a dynamically focused imaging system, with K
focal ranges, this becomes (K-N-M) delay values. For a
high performance ultrasound imaging system with 128
active transducer elements, this amounts to approxi-
mately 3-10° delay values. As a result, means to reduce
the amount of high-speed RAM is a desired objective.

Data reduction can be achieved by means of a decom-
position of the delay eguation (6) into a reference (fixed)
focus and a wvariable focus term. The approximation
selected for the described embodiment is expressed as:

TAﬂ(rfB’XH:Prer)= TH(PrXH _X74 19) + [Tﬂ(r-
Xn—2Xonbr)~— Tn(P-Xn—Xﬂher)] 7

where:
Tu(p,Xn—Xp,0)=The reference focus term
[Ta(r,Xn—X0r,0r)—Tn(p,Xrn—Xo:0,)]=The variable
focus term

Tn(r, Xn — X, 6) = (8)

]
Co

{r — [P + (Xn — Xo)? — 2(X,, — Xo)sinO}}} + T,y

r=the desired (variable) focal range, i.e. represents

one of the members of the set {r,r;. .. ri}

p=a reference (fixed) focal range

0 =the steering angle

0,=a reference angle.

It can be shown that T 4, (r, 0, X,, p, 0,) approximates
Tp (r, Xy—Xg, ) to high accuracy provided that p is
selected to be approximately midway between the mini-
mum and the maximum range for r (namely between r,
and rx); and @,1s valid over an extent of about 25°. That

1S, a constant value of 6, is valid to high accuracy for

steering angles which are up to +=12.5° away from the

specified reference value 8,. This leads to a reduction in-

the data set by a factor which is on the order of

M:-K/(M +K), which is at least an order of magnitude.
The variable focus term, which 1is

Tyn(r.Xpn.p,0p)=Tn(r.Xn—Xg,0,)— Tu(p.Xn —Xpn6) 9
has a very weak affect on steering. One can align the
origin of the variable focussing term with that of the
fixed focus term by recognizing that

AXn—Xg)—(Xp—Xgy)=m-d+¢ 10
where

d=the inter-element distance

m ==some integer

€=a fractional remainder <d
If €20, then the delay required to generate equation (9)
from one scan line to another (in the range of € for
which the reference angle 6, is valid) is generated by
simply reassigning the delay value associated with the
k?? element to the (k+m)? element. Since, in general
€ =0, then one must have additional sets of delay values

~ corresponding to the variable focus term characterized

[Number of delay values]
= [N active transducer elements) - [M scan llnes]

by equation (9). If one defines the number of shift cases,
p, such that exp-a, and a/2 is the greatest positional
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error which one is willing to accept, then one can re-
write equation (9) with the variable change

(X74 r— Xg)—m-d+p-a 1]
where m and p are now control variables which are
used as indices into the delay value data tables, and m is
the number of single element delay value data positions
by which the data must be shifted before it is applied.
This is represented schematically in FIG. 12.

The foregoing shows how the delay calculations are
generated and implemented to accommodate variable
vertex 1maging for a planar transducer array. Means by
which the delay calculations are implemented to ac-
commodate systems which employ heterodyning means
in combination with coarsely quantized delay lines to
achieve dynamic focussing as described in U.S. Pat.
Nos. 4,140,022 and 4,550,607 follow in a straight-for-
ward manner. For an active aperture 40, FIG. 13 dem-
onstrates the generation and application of transmit
delay information to the delay generator 30 by means of
a shifting of the variable focus time delays 32 followed
by summing with unshifted transmit reference focus
time delays 31. This total time delay is then made avail-
able to the transmit drivers 33 as described in U.S. Pat.
No. 4,550,607, for example. The center of mass of the
apodization function is shifted by apodization generator
34.

Prudent apodization management requires that the
active transmit aperture, as specified by the apodization
function, increases about the center of mass as the se-
lectable transmit focus gets further from the face of the
transducer array. This is done to maintain a proper
balance between quality of focus and depth of focus, as
discussed in U.S. Pat. No. 4,550,607. Inevitably as the
aperture grows, it will asymmetrically reach the end of
the physical aperture. Under these conditions, one may
either truncate that portion of the apodization function
for which there is no physical aperture or choose to
maintain the apodization shape, in either case shifting its
center of mass toward the center of the physical aper-
ture.

When the transmit apodization 19’ in FIG. 15 be-
comes end-aligned, and its center of mass is shifted
away from the desired beam origin, as at 13, the true
beam axis 11’ no longer aligns with the intended ultra-
sound scan line 11. An important feature of the scanning
method of this invention is the ability to fire an acoustic
scan line 11 through the physical end of the array.
When a shallow transmit focus is selected, its active
aperture is small with little opportunity to shift the
beam ongin away from its intended position. When a
deep transmit focus is selected such as at 17, its active
aperture is large and the beam origin may be shifted far
away from its intended position 13, such as at 13'; how-
ever, with this large transmit aperture, the transmit
ultrasound beam is relatively unfocussed close to the
physical aperture where the displacement error is great-
est. This poor focus minimizes the impact of the dis-
placement errors, particularly if the correctly posi-
tioned receive focus is strong there. Conversely, near its
focal point 17, the ultrasound beam axis and the acoustic
scan line begin to intersect, and the displacement error
diminishes, vanishing completely at the focal point.
Beyond the transmit focal point 17, the ultrasound beam
axis and scan line axis again diverge, but again, transmit
defocussing minimizes the impact of the displacement
errors as long as the receive focus is correctly posi-
tioned on the ultrasound scan line 11. The tracking of

12

data along the scan line axis 11, and not along the mis-
aligned ultrasound beam axis 11°, is accomplished
through the combination of dynamic receive apodiza-
tion 18 and focussing 16.

During dynamic receive beamforming, the active
recetve aperture 60, as shown in FIG. 14, grows dynam-

~1cally to 60" as the receive focus dynamically becomes
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farther from the physical transducer along the scan line
11 1n such a manner as to keep the ratio of focal depth
to active aperture width a constant to the greatest ex-
tent possible, as has been discussed in U.S. Pat. No.
4,550,607. As the recetve aperture 60 grows dynami-
cally to 60', it also becomes end-aligned, its center of
mass 1s also shifted away from the desired beam origin,
and the true beam axis 11’ no longer aligns with the
intended scan line axis 11. However, the receive focus
16 can always be placed on the ultrasound scan line axis
11. As the dynamic receive beamformer continually
switches from one focus 16 to the next 16/, it accurately
tracks the information along the desired acoustic scan
line 11.

A unique set of ideal time delay data is calculated at
the receive reference focus for all elements and for all
scan lines in a manner similar to that done for the trans-
mit steering time delays. These ideal time delays can be
decomposed into coarse and fine time delays applied at
summing means 50 as described in U.S. Pat. Nos.
4,550,607 or 4,140,022.

The fine time delays may then be converted into
phase as shown, for example, in U.S. Pat. Nos. 4,550,607
or 4,140,022. These delays are decomposed into a refer-
ence and variable focus phase and are made available to
the receiver phase generator 52 in FIG. 14 which sums
the reference component phases 53 with the shifted
variable focussing component phases 54 to generate the
composite receiver phase values. The receiver phase
values are then used to select the phase of the mixer
signals. The active receive aperture is controlled by the
receive apodization generator 58.

Using phased array imaging systems, it is possible to
activate, in transmit and receive, two or more beams
substantially simultaneously from the same aperture 1 as
shown i FIGS. 18 and 19. Simultaneous means that
more than one pulse is in flight directed at possibly
different spatial locations at any one time while scan-
ning. This may be done with straight-forward modifica-
tions to systems which have previously been disclosed,
as in, for example, U.S. Pat. No. 4,550,607. However,
one significant problem with such systems is that multi-
ple pulses or multiple beams along scan lines 11a,115
tend to overlap as at 70 and interfere substantially away
from the transmit focus in a planar linear format, as
shown in FIG. 18 and especially in the near field, close
to the transducer as shown in FIG. 19 for a typical
sector scan.

One major advantage of the variable vertex scanning
format is the ability to separate multiple beams much
more effectively, even if propagated simultaneously,
because the ultrasound scan lines 11a,115 are well-
separated throughout the field of view 3 as shown in
FIG. 20. Comparing FIGS. 18 and 19 with FIG. 20, it
1s apparent that the region of interference 70 is reduced
or eliminated in FIG. 20 because of the separated ori-
gins 134,135 in the near field and because the scan lines
11a,11b diverge in the far field. The active apertures for
the two beams are substantially less overlapping rather
than fully overlapping, as in a normal sector scan, even
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- though the effective aperture for each beam is not re-
duced in extent. The intrinsic spatial separation of
beams (including the near field) of the variable vertex
format, in combination with dynamic apodization and
dynamic focussing, effectively optimizes performance S
in multiple beam operation. |

We claim:

1. A method for scanning an array of individual trans-
ducer elements for obtaining image, velocity or various
data from a section of a body comprising the steps of

propagating acoustic pressure waves into the body

from at least one active transmit aperture of indi-
vidual transducer elements,

receiving acoustic echoes on a set of acoustic lines the

centers of which are spatially non-overlapping,
including the step of steering the angle of each
acoustic line relative to the array, using for each
line a variable active aperture of individual trans-
ducer elements which selectively includes only
some or all elements of the array,

so that an extension of the acoustic line in space be-

yond its origin at the array passes through a sub-
stantially common vertex which is not located on
the transducer array.

2. The method of claim 1 wherein said common ver-
tex is located a selectable distance in space behind the
transducer array so as to provide a selectable extended
field-of-view of said body. |

‘3. The method of claim 1 further including the step
during reception of dynamically focussing along each
acoustic hine.

4. The method of claim 1 further including the step
during reception of dynamically adjusting the size or
center of the aperture of active transducer elements of 45
the array.

5. The method of claim 4 wherein the shape of apodi-
zation 1s dynamically varied during reception along
each scan line.

6. The method of claim 1 wherein said pressure 4,
waves are propagated and echoes are received simulta-
neously on more than one of said acoustic lines.

7. The method of claim 1 wherein the active transmit
aperture of individual transducer elements is selectively
variable to include only some or all elements of the 45
array.

8. The method of claim 1 wherein the number of
individual transducer elements in the active transmit
aperture for propagating said pressure waves may differ
from the number of elements in the active aperture
which receives the acoustic echoes at each depth in the
field-of-view.

9. The method of claim 1 wherein the set of acoustic
lines includes sub-sets of acoustic lines generated by and
received upon an active number of m individual trans-
ducer elements corresponding to available signal pro-
cessing channels which are addressed by multiplexing
from a larger number of n individually addressable
transducer elements in the transducer array.

10. The method of claim 9 wherein each sub-set of 60
acoustic lines has a common vertex different from the
common vertex of each other sub-set of acoustic lines.

- 11. The method of claim 1 wherein pressure waves

optimized for deriving Doppler information and pres-
sure waves optimized for deriving B-mode image infor- 65
mation are substantially simultaneously propagated
from and echoes are received on more than one of said
acoustic lines by the same transducer array.
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12. The method of claim 11 wherein the Doppler
waves are propagated at a frequency different from the
frequency of the B-mode image waves.

13. The method of claim 11 wherein the Doppler
waves are propagated in a direction different from the
B-mode 1mage waves in a linear scanning format.

14. A method for scanning an array of individual
transducer elements for obtaining image, velocity or
variance data from a section of a body comprising the
steps of

propagating acoustic pressure waves into the body

from at least one active transmit aperture of indi-
vidual transducer elements,
receiving acoustic echoes on a set of acoustic lines the
centers of which are spatially non-overlapping
using for each line a variable active aperture of
individual transducer elements which selectively
includes only some or all elements of the array,

shifting on transmission or receive each acoustic line
to originate from an arbitrary origin relative to the
center of the face of said transducer array, and
steering on transmission or receive each acoustic
line at an arbitrary angle relative to the face of the
array.

15. The method of claim 14 wherein the active trans-
mit aperture of individual transducer elements is selec-
tively variable to include only some or all elements of
the array.

16. A method for scanning an array of individual

transducer elements for obtaining an image of a section

of a body and for obtaining velocity or variance infor-
mation from that section of the body comprising the
steps of

propagating first acoustic pressure waves at a first

frequency for deriving image information and re-
ceiving acoustic echoes on a first set of acoustic
image lines the centers of which are spatially non-
overlapping,

steering the angle of each active acoustic image line

relative to the array so that an extension of the line
In space passes through a substantially common
vertex, and

propagating second acoustic pressure waves at a fre-

quency different from that of the first acoustic
pressure waves for deriving velocity or variance
estimates from Doppler-shifted echoes received
from those second pressure waves on a separate
second set of acoustic lines each of which may be
independent from said acoustic image lines.

17. The method of claim 16 wherein the second
acoustic pressure waves are propagated in a direction
different from the image waves.

18. Apparatus for obtaining image, velocity or vari-
ance data from a section of a body on a set of acoustic
lines scanned along a transducer array with each acous-
tic line originating on the array at an arbitrary origin
relative to the center of the face of the array, compris-
Ing

an array of individual transducer elements adapted to

be placed against the body,

means for propagating acoustic pressure waves into

the body from at least one active transmit aperture
of individual transducer elements in the array,
means for receiving acoustic echoes on a set of acous-
tic lines the centers of which are spatially non-
overlapping including means for forming a variable
~ active aperture of individual transducer elements
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which selectively includes only some or all ele-
ments of the array,
means for shifting substantially all acoustic lines to
originate from an arbitrary origin relative to the
center of the face of said transducer array within
the active aperture.
and means for electronically steering substantially all
acoustic lines at an arbitrary angle relative to the
face of the array.
19. The apparatus of claim 18 wherein the means for
forming the active transmit aperture of individual trans-

16

ducer elements 1s selectively variable to include only
some or all elements of the array.

20. The apparatus of claim 18 wherein the number of
individual transducer elements in the active transmit

5 aperture for propagating said pressure waves differs
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from the number of elements in the active aperture
which receives the acoustic echoes at each depth in the
field-of-view.

21. The apparatus of claim 19 wherein the array of
individual transducer elements has a generalized and

arbitrary shape.
* *x X %X x
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